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ABSTRACT
Context. The HD and H2 molecules play important roles in the cooling of primordial and very
metal-poor gas at high redshift.
Aims. Grain surface and gas phase formation of HD and H2 is investigated to assess the impor-
tance of trace amounts of dust, 10−5 − 10−3Z, in the production of HD and H2.
Methods. We consider carbonaceous and silicate grains and include both physisorption and
chemisorption, tunneling, and realistic grain surface barriers. We find, for a collapsing gas cloud
environment with coupled chemical and thermal balance, that dust abundances as small as 10−5
solar lead to a strong boost in the H2 formation rate due to surface reactions. As a result of this
enhancement in H2, HD is formed more efficiently in the gas phase through the D++H2 reaction.
Direct formation of HD on dust grains cannot compete well with this gas phase process for dust
temperatures below 150 K. We also derive up-to-date analytic fitting formulae for the grain sur-
face formation of H2 and HD, including the different binding energies of H and D.
Results. Grain surface reactions are crucial to the availability of H2 and HD in very metal-poor
environments. Above metallicities of 10−5 solar, the grain surface route dominates the formation
of H2, which in turn, drives the formation of HD in the gas phase. At dust temperatures above
150 K, laboratory experiments and theoretical modelling suggest that H2 formation on grains is
suppressed while HD formation on grains is not.
Key words. ISM: dust – ISM: molecules – galaxies: high-redshift
1. Introduction
The chemistry occurring in primordial gas in the early universe involves mainly hydrogen, deu-
terium, helium and lithium, as well as their ionic forms (Glover & Abel 2008; Ripamonti 2007;
Yoshida et al. 2006; Galli & Palla 1998). The formation of the first stars crucially depends on the
availability of specific molecular coolants like H2 and HD. The molecule H2 allows gas to cool
down to a few hundred Kelvin, because its first rotationally excited state lies at about 500 K. The
molecule HD, which unlike H2 possesses a small dipole moment, allows cooling to below 100 K,
given that its first excited state lies at about 150 K. Simulations that incorporate non-equilibrium
chemistry and cooling of primordial gas in the early universe (e.g., Abel et al. 2000, Bromm et al.
2002, Abel et al. 2007, Wise et al. 2007; 2008, Klessen et al. 2007, Jappsen et al. 2007) find that
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these molecules are instrumental to the collapse of clouds in young galaxies and the formation of
the first stars. Once the first stars were formed and ionised the universe, the next generation of stars
could be formed from more ionized gas. It is generally thought that the final masses of the first
stars are a few dozen to a hundred solar masses (Johnson & Bromm 2006, Yoshida et al. 2007). In
this, an increased electron abundance boosts the formation of H2, and lowers the gas temperature
to below 200 K, relative to less ionized gas. Subsequently, HD cooling can become more important
than H2. Recent work by McGreer & Bryan (2008) on zero metallicity gas shows that HD cooling
is dominant for halos with masses below 105.5 M, yielding stars that are 6 times less massive.
Also, HD cooling in ionized halos is most effective for a density range between 102-106 cm−3,
while above this range H2 cooling dominates again. In all, it is of great importance to determine the
chemical composition of collapsing clouds with density, in order to establish which coolant (H2,
HD, other) dominates, and which mass of star results from gravitational collapse.
The molecules H2 and HD can be formed in the gas phase at zero metallicity. For HD, the
dominant reactions are D+ + H2→ HD + H+ (exothermic) for its formation, and H+ + HD→ H2+
D+ (-962K) for its destruction (Glover & Abel 2008). For H2, one has H− + H→ H2+ e. Additional
relevant reactions are H− + D → HD + e; D− + H → HD + e and D+ + H2→ HD + H+. These
reactions typically proceed during free-fall collapse, i.e., in a time dependent environment. Since
the gas starts out at temperatures of about 103 K or more prior to collapse, HD destruction is
efficient. As the H2 abundance increases with time, so does the cooling rate and the temperature (as
well as the H+ abundance) drops, stimulating the presence of HD. However, once some pollution by
metals has occurred, i.e., after the very first stars have exploded as supernovae (SNe), dust grains
can be present as well in the ambient interstellar medium (ISM), see work by Todini & Ferrara
(2001) and Bianchi & Schneider (2007). The presence of dust at high redshift, as observed toward a
QSO at z∼6.2 (Maiolino et al. 2004), requires efficient condensation of grains in SN ejecta. Models
of dust formation in ejecta of SNe (Bianchi & Schneider 2007, Todini & Ferrara 2001) present the
grain size distribution of silicates, amorphous carbon (AC), magnetite and corundum; and show
that the largest grains are the AC ones, with sizes around 300Å, whereas the other grain types have
smaller radii, around 10-20Å. Once the first grains are produced by SNe, they will influence the
next generation of stars as some species will start to form on dust grains. Consequently, additional
pathways for H2 and HD formation open up.
Efforts that aim to include both gas and grain surface reactions through an equation of state
analysis can be found in Omukai et al. (2005) and Spaans & Silk (2005). In this, the pressure P
is usually assumed to follow the polytropic form P ∼ ργ, for the mass density ρ and polytropic
exponent γ. More detailed hydrodynamical simulations of gas phase chemistry only can be found
in Smith et al. (2008), while first steps to include some aspects of grain chemistry can be found in
Glover & Jappsen (2007). All these works show that the interplay between gravity and thermody-
namics acts to a large degree through the amount of fragmentation, through the Jeans mass, that
a collapsing gas cloud experiences, thus setting the typical masses of stars. In this, the occurrence
of fragmentation follows from whether the gas temperature rises or decreases under compression.
I.e., whether γ is larger of smaller than unity. This change in temperature under compression can
be a strong function of density for 0.1 < n < 1017 cm−3, and depends on the ambient metallicity
(Omukai et al. 2005; Spaans & Silk 2005). The aim of this work is then to investigate the impor-
tance of HD and H2 formation on grain surfaces and their influence on gas thermodynamics, and to
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provide analytic fits for H2 and HD formation on grains that are easy to implement in cosmological
simulations of early structure formation.
2. Grain surface chemistry
2.1. Formation efficiencies of H2 and HD on dust surfaces
In a previous paper (Cazaux et al. 2008), we discussed the formation of H2 and HD on surfaces that
are typical of the ISM. We found that the formation of molecules depends on the binding energy
of atoms with the surface and on the barrier that atoms from the gas phase have to cross in order
to become strongly bound to the surface. Indeed, there are two interactions between the atoms and
the surface: a weak one, called physisorption (Van der Waals interaction), and a strong one, called
chemisorption (covalent bond), as represented in fig. 1.Atoms on the grain surface can move from
site to site by tunnelling effects and thermal hopping. Atoms from the gas phase can access easily
the physisorbed sites and become physisorbed atoms. These weakly bound atoms can scout the
surface at very low dust temperatures, and can meet each other to form molecules. Once the dust
temperature becomes higher, the physisorbed atoms evaporate and the formation of molecules is
insured by the contribution of strongly bound (chemisorbed) atoms. Depending on the magnitude
of the barrier that needs to be crossed to access the chemisorbed sites, a fraction of physisorbed
atoms can enter the chemisorbed sites and meet an already chemisorbed atom to form molecules,
but, if the barrier is very high, atoms from the gas phase, which have higher energy, cross the barrier
to enter directly into chemisorbed sites and form molecules. These processes allow molecules to
form for a wide range of dust grain temperatures (Cazaux et al. 2008, Cazaux & Tielens 2002,
Cazaux & Spaans 2004).
We have developed a rate equations method to describe the chemistry occurring on interstellar
dust grains. This method follows the populations of the different species on the grain (physisorbed
H, D, H2 and HD and chemisorbed H and D). The different processes that can occur in this model
are the following: 1) atoms from the gas phase accrete into a physisorbed or chemisorbed site; 2)
physisorbed atoms go to another physisorbed site, or to a chemisorbed site; 3) chemisorbed atoms
evaporate. The mechanisms to form molecules are either through the Langmuir-Hinshelwood ki-
netic (an atom on the surface moves into an already occupied site) or the Eley-Rideal kinetic (an
atom from the gas phase arrives in an occupied site). With this method, we obtain the efficien-
cies of the formation of H2 and HD on interstellar dust grains (note that D2 has been treated in
Cazaux et al. 2008 and is not studied here). These efficiencies, as function of dust grain tempera-
ture, are reported in figure 2. The formation of H2 and HD is very efficient on all types of grains
at low temperatures (≤ 20 K), because it involves physisorbed atoms. At higher dust temperatures,
the chemisorbed atoms become relevant. Depending on the barrier against chemisorption, the ph-
ysisorbed atoms may be able to enter chemisorbed sites, as is the case for an amorphous carbon
surface (no barrier), or the physisorbed atoms evaporate before entering the chemisorbed sites, as
is the case for silicates and graphitic surfaces (high barrier). In the latter case, the formation of
molecules is insured by atoms that come from the gas phase and enter directly into chemisorbed
sites. Consequently, for intermediate dust temperatures (≥20K), the efficiency decreases as the bar-
rier against chemisorption increases.
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In the ISM, dust grains are mainly carbonaceous particles or silicates, with various sizes, and a
large fraction of the available surface for chemistry is in the form of very small grains or polycyclic
aromatic hydrocarbons (PAHs; Weintgarner & Draine 2001). Small carbon grains exist mostly in
the form of PAHs, while big carbon grains occur as amorphous carbon. These two types of grains
have different surface properties, as discussed in Cazaux et al. (2008). PAHs have surfaces similar
to graphite, that consist in hexagonally arranged carbon atoms. Atoms that are coming on these
surfaces can be placed in these hexagonal structures in different configurations. Ortho refers to two
neighboring atoms, meta refers to two atoms which are separated, but not opposed and para refers
to two opposed atoms. Recent discoveries show that the properties of PAHs and graphite surfaces
depend on the presence of atoms on the surfaces. Indeed, once an atom becomes chemisorbed on
the surface, it has to cross an important barrier of 0.2 eV (Hornekær et al. 2006, Sha & Jackson
2002, Jeloaica & Sidis 1999). A second atom can become chemisorbed in a para-site without a
barrier (Hornekær et al. 2006, Rougeau et al. 2006) and a third atom will form a molecule without
a barrier (Bachellerie et al. 2007). Because the formation of molecules on PAHs cannot be described
by rate equations, since the surface characteristics change when atoms are present on the surface,
we developed a Monte Carlo method to follow the formation of H2 and HD on these very small
grains. Also, for silicates and amorphous carbon grains, which are bigger grains, this Monte Carlo
method can be applied and compared to rate equations methods. In our model, we represent the
grain by a square grid, with at each point a physisorbed or a chemisorbed site. A list of events
is first calculated to determine the accretion of H and D on the grain. These times depend on the
flux of H or D that arrives on the grain, and we select randomly a time for each event, following a
Poisson distribution. Then, once the atoms have arrived on the grain, the list is updated taking into
account the different events that can occur.
The results of our Monte Carlo simulations for graphitic surfaces (PAHs), with the inclusion
of the para-site properties, are reported in fig 3, right panel. The efficiencies of H2 and HD are
enhanced by a few orders of magnitude in comparison to a graphitic surface that does not change
its properties in the presence of atoms on its surface. We consider here a very small grid of 30
Å length, and also present, for comparison, the efficiencies of H2 and HD on amorphous carbon
and silicates. For these surfaces, the results are similar to the ones computed with rate equations.
This is due to the fact that, as discussed in Cazaux et al. (2008), HD formation changes with grain
size only for high D/H ratios, and only at very low temperatures, when physisorbed atoms are
involved in the formation of molecules. Only D2 formation is very sensitive to grain size changes.
So because we focus our study here on the formation of H2 and HD, the changes in efficiency
with grain size are not important as long as the D/H ratio remains small. As a general conclusion,
the H2 and HD formation efficiencies are similar on graphitic surfaces (with para-site properties)
and on amorphous carbon grains. The efficiencies on silicate surfaces, on the other hand, are very
different because of the important barrier against chemisorption. The efficiencies for the formation
of molecule are the rate of molecules that form on the surface devided by the incoming flux of
atoms. The flux of incoming atoms depends on the velocity of the atoms in the gas phase vat, the
sticking coefficient S (Tg, Td), the number density of the atoms nat, and the cross section of the dust
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grain as Fluxat = natvatσS (Tg, Td), where (at) can be H or D. The efficiencies for the formation of
H2 and HD are presented in fig 3 and can be written as follows:
H2 =
2αppH H2P + 2αpcH HPHC + FluxHTH HCFluxH
 (1)
HD =
(
αppH HPDP + αpcH HPDC + αpcDDPHC + FluxDTDHC
FluxD
)
(2)
These equations show the principal mechanisms for the formation of molecules at different grain
temperatures: 1) At low surface temperatures Td, an H (D) atom moves to a filled physisorbed site
with a mobility αppH (αppD). 2) When physisorbed atoms start to evaporate, with a rate βHP (βDP ),
some of them enter the chemisorbed site, with a mobilityαpcH (αpcD) and meet a chemisorbed atom.
3) At higher temperatures, atoms coming from the gas phase with a temperature Tg can directly
enter a chemisorbed site and form a molecule. They need to pass the barrier against chemisorption
with a probability TH for hydrogen, and TD for deuterium. The probabilities and mobilities to go
from one site (physisorbed or chemisorbed) to another site are determined by the transmission
coefficients to cross the barrier that separates these two sites (for details see Cazaux & Tielens
2004).
Under steady state conditions, HP= FluxH (1−TH )αpcH+βHP , HC=
1
2 , DP=
FluxD (1−TD)
αpcD+βDP
and DC=
αpcDDP
2αpcH HP .
The formation of H2 and HD,due to the association of physisorbed and chemisorbed atoms at
low surface temperature, and to the association of gas phase atoms arriving in chemisorbed sites at
high surface temperature,can be approximated as:
H2 =
2
FluxH
(
αpcH HPHC
)
+
1
FluxH
FluxHTH HC =
(
αpcH(1 − TH)
αpcH + βHP
+
TH
2
)
(3)
HD =
1
FluxD
(
αpcH HPDC + αpcDDPHC
)
+
1
FluxD
FluxDTDHC =
(
αpcD(1 − TD)
αpcD + βDP
+
TD
2
)
(4)
The different mobilities of the atoms to go from a physisorbed site to a chemisorbed site (see
fig 1 for the meaning of the different parameters) can be approximated as follows:
αpcH =
16νHpTd
(Echem−ES ) exp
(
−2apc
√
2mHk(Ephys−ES )
~2
)
=
16νHpTd
(Echem−ES ) exp
(
−4 × 109apc
√
(Ephys − ES )
)
; if ES < 0
4νHp
(
1 +
√
Echem−ES
Ephys−ES
)−2
exp− Ephys−ESTd ; if ES > 0
αpcD =
16νDpTd
(Echem−ES ) exp
(
−2apc
√
4mHk(Ephys−ES )
~2
)
=
16νDpTd
(Echem−ES ) exp
(
−5.6 × 109apc
√
(Ephys − ES )
)
; if ES < 0
4νHp
(
1 +
√
Echem−ES
Ephys−ES
)−2
exp− Ephys−ESTd ; if ES > 0.
The first expressions for αpcH and αpcD show the mobilities to go from a physisorbed site to a
chemisorbed site by the tunneling effect. The second expressions represent the mobilities by ther-
mal hopping. The atoms from the gas phase can arrive directly in a chemisorbed site with a proba-
bility TH and TD. These probabilities are also used to calculate the mobilities αpc. The mobility is
the probability times the oscillation factor ν, and the energy of the atom coming from the gas phase
is Ephys+Tg, as shown in fig 1.
TH ∼ TD = 4
1 +
√
Echem − ES
Ephys − ES

−2
exp−
Ephys − ES
Ephys + Tg
(5)
6 S. Cazaux, M. Spaans: HD and H2 formation at low metallicity
The different rates for an H and an D atom to evaporate from a physisorbed site are: βHp =
νHP exp
−EHP
Td and βDp = νDp exp
−EDP
Td . We can now derive final expressions for the formation ef-
ficiencies of H2 and HD that depend only on the characteristics of the different surfaces. These
characteristics are presented in table 1.
For carbonaceous grains (PAHs and amorphous carbon), the formation of H2 and HD is insured
by physisorbed atoms populating chemisorbed sites (for temperatures ≥20 K). In this sense, the
formation with direct chemisorption from the gas phase is negligible. The term TH2 can therefore be
ignored and the H2 and HD formation efficiencies can be approximated as follows:
carbonH2 = 
carbon
HD =
1 − TH(
1 + 14
(
1 +
√
Echem−ES
Ephys−ES
)2
exp− ESTd
) . (6)
For silicate grains, the efficiencies are different due to the fact that chemisorbed sites are pop-
ulated by the tunnelling effect, and therefore are less easy to access. Also, because TH<< 1 due to
the high barrier against chemisorption, the efficiencies become:
 silicateH2 =
1
1 + 16TdEchem−ES exp−
Ephys
Td exp (4 × 109apc
√
Ephys − ES )
+ 2
exp− Ephys−ESEphys+Tg(
1 +
√
Echem−ES
Ephys−ES
)2 , (7)
 silicateHD =
1
1 + 16TdEchem−ES exp−
Ephys
Td exp (5.6 × 109apc
√
Ephys − ES )
+ 2
exp− Ephys−ESEphys+Tg(
1 +
√
Echem−ES
Ephys−ES
)2 . (8)
2.2. Formation rates of H2 and HD on dust surfaces
In astrophysical environments, H2 and HD formation rates (in cm−3s−1) on dust grains are written
as:
Rd(H2) =
1
2n(H)vHngrainσH2 S (Tg, Td), (9)
Rd(HD) = n(D)vDngrainσHDS (Tg, Td), (10)
where n(H) and n(D) are the number densities of H and D atoms in the gas phase, vH and vD are the
thermal velocities of H and D atoms calculated as
√
8pikTg
mH
and
√
8pikTg
mD
, H2 and HD are the forma-
tion efficiencies of H2 and HD respectively. The sticking coefficient, S (Tg, Td), depends on both the
gas temperature Tg and dust grain temperature Td, and is derived by Burke & Hollenbach (1983).
This coefficient can be written as: S (Tg, Td) =
(
1 + 0.4 ×
(Tg+Td
100
)0.5
+ 0.2 × Tg100 + 0.08 ×
( Tg
100
)2)−1
.
The sticking coefficient is equal to unity for low gas and dust temperatures, and decreases strongly
as gas temperature increases. The mean cross section for collisions between grains and atoms per
H atom, ngrainσ
nH
, is determined as < ngrain(a)
nH
pia2 > with ngrain(a) the grain number density for particles
with radius between a and a+da. In the ISM, this cross section can be estimated for different grain
size distributions. Weintgarner & Draine (2001), who consider carbon and silicate grains to model
the Milky Way dust, find that very small carbon grains (PAHs) are quite abundant. The total cross
section per H atom for the formation of molecules using this distribution is ngrainσ
nH
=2.8 10−21 cm−2.
The cross section represented by the surface of PAHs (small grains below 100Å) is 1.6 10−21cm−2
and the one by amorphous carbon grains is 1.7 10−22 cm−2, whereas the surface represented by
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silicate grains is 10−21 cm−2. With this distribution, it seems clear that small grains (PAHs) con-
stitute most of the cross section available for grain surface chemistry (∼55%). Another grain size
distribution, from Mathis, Rumpl & Nordsieck (1977), considers that carbon and silicate grains are
almost equally abundant, and also that the distribution starts for grains larger than 50Å and follows
a power law slope in size of -3.5. With this distribution, the cross section per H atom is 1.1 10−21
cm−2. In this case, the carbon and silicate grains represent the same total cross section of ∼5.6 10−22
cm−2. The formation rates of H2 and HD have to take into account the cross section from carbon
and silicate grains as well as the efficiencies on these grains:
Rd(H2) =
1
2n(H)vHS (Tg, Td)
(
(ngrainσH2 )carbon + (ngrainσH2 )silicate
)
(11)
Rd(HD) = n(D)vDS (Tg, Td)
(
(ngrainσHD)carbon + (ngrainσHD)silicate
)
(12)
In the high redshift universe, grain size distributions are different than in our Milky Way, and
at lower metallicity, grains are supposed to be smaller. Models of grain size distributions have
been made by Todini & Ferrara (2001) for type II SN progenitors with different metallicities. In
this study, carbon grains, produced in the ejecta of the supernovae, have a grain size distribution
that slightly changes with the metallicity of the progenitor, while silicate grain size distributions are
strongly affected by their metallicities. Bianchi & Schneider (2007) show that dust grains produced
in the supernova ejecta are also affected by the reverse shock that destroys a big fraction of dust
grains and creates smaller grains. The result of the reverse shock is a constant grain size distribution
until very small grain sizes, and therefore an increase of the total cross section of dust grains.
Because our goal is to model the formation of HD and H2 at high redshift, we assume that
at solar metallicity, the total dust grain cross section is equal to the ISM cross section derived by
Weingartner & Draine (2001) of 2.8 10−21 cm−2, and that the dust abundance scales linearly with
the overall metallicity, ignoring corrections due to non-solar elemental abundance ratios. In this
sense, by using a linear scale we do not take into account the fact that grains might be smaller at
higher redshift, which could increase the total cross section considerably. For exploratory purposes
we therefore consider linear scaling, keeping in mind that the cross sections derived as a function
of metallicity are lower limits, so that the H2 and HD formation rate can be written as:
Rd(H2) =
7.25 × 10−15n(H)nH
√
Tg
100(
1 + 0.4 ×
( Tg+Td
100
)0.5
+ 0.2 × Tg100 + 0.08 ×
( Tg
100
)2) ZZ (1.75carbonH2 + 1.1 silicateH2 ), (13)
Rd(HD) =
1.1 × 10−14n(D)nH
√
Tg
100(
1 + 0.4 ×
(Tg+Td
100
)0.5
+ 0.2 × Tg100 + 0.08 ×
( Tg
100
)2) ZZ (1.75carbonHD + 1.1 silicateHD ). (14)
The more general expressions (11) and (12) should be used to incorporate deviations from the
Galactic dust grain size distribution.
3. Chemical model and results
3.1. Gas phase
Gas phase chemistry of HD in the early Universe has been discussed in great detail by Glover &
Abel (2008, and references therein). These authors study the effects of the uncertainties of the dif-
ferent rate coefficients on H2 and HD chemistry and cooling. We here consider only those reactions
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that are needed to form and destroy H2 and HD, such that the impact of grain surface reactions can
be assessed. The different reactions considered in our calculations are summarized in table 1. The
formation rates of H2 and HD through the H− + H route and the D− + H and H− + D routes have
uncertainties, as discussed by Glover & Abel (2008). We list in the table the low and high values
for these rates and consider in our calculations only the high values in order to derive conservative
estimates for the contributions of grain surface reactions.
3.2. Grain and gas coupling
The gas phase and grain surface chemical models described above are coupled in order to follow
the relative importance of grain and gas chemistry in the formation of H2 and HD. The abundance
of each species, on grains and in the gas phase, is calculated through a system of rate equations.
These equations are solved using the DVODE solver (Brown, Byrne & Hindmarsh 1989) with
fixed-leading coefficient implementation. For the grain surface chemistry, we follow the evolution
of physisorbed H and D, H2, HD and D2, chemisorbed H and D and for the gas phase chemistry,
the evolution of H, H+, H−, D, D+, D−, H2, HD, D2, and H2+. The formation of D2, as discussed in
Cazaux et al. (2008), is never relevant.
In the case of the grain surface chemistry, the incoming fluxes of H and D atoms from the gas
phase are in MLyrs/s (monolayers/s). These fluxes are calculated as follows:
FX =
n(X)vX
NS
, (15)
where NS is the number of sites per cm2 on the surface of the grain, n(X) is the density of H or D
atoms in the gas phase, and vX is the mean velocity of these atoms. We assume a density of sites on
the grain equal to NS ∼ 2 × 1015 sites cm−2, calculated as 1a2 , where a is the distance between two
(physisorbed or chemisorbed) sites.
To extend the rate equations that describe the chemistry in the gas phase, we convert the den-
sities of the species that are released into the gas phase by dust grains into atoms cm−3 s−1. This
allows us to compare grain surface and gas phase chemistries on the level of rates.
3.3. Cloud collapse and thermodynamics
We assume our model clouds to have a uniform metallicity and to undergo a gravitational collapse
at the free-fall rate. Metal enrichments of 10−5Z, 10−4Z and 10−3Z, are considered, motivated
by Bromm & Loeb (2003). The simulations start with a density of 1 cm−3 at 1,000 K, include
dust-grain thermal coupling by collisions and are exposed to a modest cosmic ray ionization rate of
10−18 s−1, appropriate for a situation where prior massive star formation and metal enrichment has
occurred. It is assumed that the cloud sees a mean Lyman Werner UV background of 40 in units of
10−21 erg s−1 cm−2 sr−1 Hz−1, modest enough to allow H2 self-shielding (Dijkstra et al. 2008). The
helium and deuterium abundances are 0.0825 and 2.6 × 10−5, respectively. In general, we follow
the set-up as presented in Glover & Savin (2008). We adopt a fiducial redshift of z = 10, which
yields a temperature of 30 K for the cosmic microwave background (CMB). The dust temperature
is set equal to the CMB temperature. The gas density evolution follows:
dρ
dt =
ρ
t f f
(16)
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where t f f=
√
3pi/32Gρ is the free-fall time. During the collapse, as described in Glover & Abel
(2008), the gas temperature follows from the energy equation and evolves as:
dT
dt =
γ − 1
ρ
[T dρdt −
µ
k (Λ − Γ)] +
T
γ − 1
dγ
dt + T
dlogµ
dt (17)
where γ is the adiabatic index, which remains close to 5/3 during the collapse, µ is the mean
molecular weight (generally close to its atomic value), Λ is the total cooling rate per unit volume,
and Γ is the total heating rate per unit volume. The different time derivative terms reflect the usual
processes like adiabatic compression and changes in the chemical composition of the gas. The
cooling rate includes contributions of H2 and HD as in Glover & Abel (2008) and all fine-structure
lines as described in Meijerink & Spaans (2005), with level populations computed under statistical
equilibrium. Contributions from H2 formation heating and collisional de-excitation of vibrationally
excited H2 have been added. Typical temperature profiles for different metallicities are presented
in fig 5. As expected, a medium with a higher metallicity is cooled much more efficiently than a
medium with fewer metals. The lowest temperature reached is set by the CMB temperature (at a
redshift of 10), and holds for densities that approach and exceed the critical density of the dominant
cooling lines (including some neutral carbon emission). At metallicities ≤ 10−4Z, the temperature
rises at high densities after an initial decrease. This is due to a transition from sub-thermal (∝ n2H)
to thermal (∝ nH) level population excitation of the H2 and HD cooling lines, while gravitational
heating scales ∝ n1.5H .
3.4. Chemical results
The fractional abundances of the different species, as well as the rate of formation of H2 and HD
are presented in fig 6. Grain surface chemistry plays an important role in the formation of H2
even for a collapsing cloud with a very low metallicity of 10−5 − 10−4 solar, while the H− route
mostly dominates in diffuse environments, below 103 cm−3 (see also Cazaux & Spaans 2004). The
formation of HD, on the other hand, is always dominated by gas phase reactions. Indeed, HD forms
mostly through the association of D+ and H2. Once the dust grains boost the formation of H2, the H2
abundance increases, and favors the gas phase formation of HD even more. The HD grain surface
route scales with metallicity, but also with the amount of neutral hydrogen and deuterium available
in the gas phase. Therefore, as the metallicity increases, H2 formation is boosted by dust grains
and H is converted into H2. This leads to a higher amount of H2 to form HD through gas phase
reactions, and a lower amount of H to form HD through grain surface reactions.
The abundances show that at very low metallicities (Z = 10−5 − 10−4Z), neutral hydrogen and
deuterium are not completely converted into molecular form when the cloud reaches nH = 108
cm−3. This result is in agreement with the calculations of Glover & Savin (2008). As the medium
contains more metals, the H/H2 front appears before nH = 108 cm−3, and the D/HD conversion
front occurs at earlier stages of the collapse. Once H2 is available in the medium, the D++H2 route
is so efficient, despite the dropping D+ abundance, that all deuterium is converted quickly into HD.
This D/HD conversion occurs at densities < 103 cm−3 for metallicities > 10−4Z. In this range,
the HD level populations are not yet thermalized by collisions. Hence, the associated cooling rates
scale ∝ n2H, and help to cool the medium down.
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4. Conclusions and Discussion
In general, we find that grain surface reactions make a significant contribution to the formation of
H2, even at metallicities as low as Z = 10−5Z. It seems that HD formation is driven by gas phase
chemistry routes through the association of D+ and H2, helped by the fact that the H2 abundance is
strongly boosted by grain surface reactions for all considered metallicities.
In our simulations, we have fixed the grain temperature at the CMB temperature. This might be
true if the dust grains are able to cool efficiently irrespective of their size, and if dust-gas coupling
is modest. The latter coupling dominates for densities obeying nc ∼ 104.5/Z cm−3, with Z in solar
units (Schneider et al. 2006). For the metallicities considered here, nc is larger than the critical
densities of the dominant HD and H2 cooling lines. Hence, the gas is not able to heat up the dust in
this case.
However, dust grains in high redshift environments are likely to be in the form of very small
graphitic grains (PAHs), which have quite modest heat capacities. Consequently, they can en-
joy large excursions in temperature, upto a few hundred Kelvin, when exposed to a soft (non-
dissociative UV-visual) background radiation field (Draine & Li 2001). Interestingly, experiments
on graphite by Zecho et al. (2002) show that there is an important isotopic effect between the forma-
tion of H2 and HD. In their experiments, H2 formation is effective until a lower surface temperature
than HD formation. These authors suggest that this effect could be the result of a higher binding
energy of deuterium compared to hydrogen on graphite. If we assume these binding energies for
the formation of H2 and HD, then we see that the efficiency for the formation of H2 declines more
rapidly with increasing dust temperature than the corresponding rate of HD, see fig 7. Therefore, if
dust grains are warm (∼ 150 K), then H2 formation can be suppressed, while HD formation remains
fast. This would lead to a mode where HD is formed more efficiently on grain surfaces than in the
gas phase.
5. Appendix: Mobility of H and D atoms.
In a previous paper, Cazaux & Tielens (2004) calculated the different mobilities for an atom to
go from a site i (physisorbed or chemisorbed) to a site j (physisorbed or chemisorbed). These
mobilities depend on the transmission coefficients to cross the barrier as:
αi j = νi × Pi j (18)
where νi is the oscillation factor in the site i, and Pi j is the probability for an atom to go from a
site i to a site j. We consider the atoms thermalized with the dust grain, and therefore that their
energies E follow a Boltzmann distribution with mean value equal to the temperature of the dust.
The probabilities to go from site to site depend on the transmission coefficients to cross the barriers
separating these sites (which we consider to be square). These probabilities are written as:
Pi j =
1
kTd
∫ Bi
0
exp(− EkTd
)T (1)i j dE +
1
kTd
∫ ∞
Bi
exp(− EkTd
)T (2)i j dE (19)
The first term of this expression shows the probability to cross the barrier through tunneling effects,
meaning that the energy of the atom is lower than the barrier Bi, while the second term shows the
probability through thermal hopping, meaning that the energy of the atom is higher than Bi. T (1)i j
and T (2)i j are the transmission coefficients for tunneling and thermal hopping, respectively. In this
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work, we are interested in the mobility to go from a physisorbed site to a chemisorbed site. As
shown in Cazaux & Tielens (2004), the transmission coefficients T pc are written as:
T (1)pc = 4

1 +
√
E − (Ephys − Echem)
E

2
+
(Ephys − ES )(Echem − ES )(sinh
√
2mk(Ephys−ES −E)
~2
apc)2
(Ephys − ES − E)E

−1
; i f E < (Ephys−ES )(20)
T (2)pc = 4

1 +
√
E − (Ephys − Echem)
E

2
−
(Ephys − ES )(Echem − ES )(sin
√
2mk(E−(Ephys−ES ))
~2
apc)2
(Ephys − ES − E)E

−1
; i f E > (Ephys−ES )(21)
The probabilities and mobilities of H and D atoms are then calculated using equations (18) and
(19). Because of the weight of the Boltzmann distribution, the energies of the atoms that tunnel are
mostly very small, of the order of the temperature of the dust. Therefore, only the second term of
equation (20) is important. For thermal hopping, on the other hand, the energies of the atoms are
higher than the energy of the barrier, and the first term of equation (20) dominates. In this way, we
can derive the approximations used in this paper.
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Table 1.
Surface Ephys EHp EDp Echem ES apc νHp νDp
Graphite (PAHs) 800 K 720K 745K 7000 K -2300 K 1.5 Å 3 1012 2 1012
Para sites (PAHs) 800 K 720K 745K 25000 K 200 K 1.5 Å 3 1012 2 1012
Amorphous Carbon 800 K 720K 745K 7000 K 200 K 3 Å 3 1012 2 1012
Silicates 700 K 630K 650K 15000 K -1000 K 1.7Å 3 1012 2 1012
Energy
Chemisorption
Physisorption
Echem Ephys
Es
Es
Atom from the gas phase
Tg
from the surface
Distance
Fig. 1. Interactions between an atom and a surface. Two types of surfaces are represented, the one with a high
barrier against chemisorption (where ES≤0) and the one with no barrier against chemisorption (with ES≥0).
Note that an atom coming from the gas phase has an energy Ephys + Tg.
Fig. 2. H2 and HD formation efficiencies on amorphous carbon (left), silicates (middle) and PAHs (right) as a
function of the grain temperature. These efficiencies have been calculated using a rate equations method.
Ef
fic
ie
nc
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Tdust
Amorphous Carbon
Tdust
Ef
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Silicates
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fic
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nc
y
Tdust
Graphite (PAHs)
Fig. 3. H2 and HD formation efficiencies on amorphous carbon (left), silicates (middle) and PAHs (right) as a
function of the grain temperature. These efficiencies have been calculated using Monte Carlo simulations. For
the case of PAHs, the properties of para-sites have been included, resulting in a much higher efficiency.
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Table 2. Reactions and rate coefficients adopted in the chemical model.
Cosmic rays ionization rate in s−1, with ζ the rate of cosmic ray ionization of H2. ref
H + CR→ H+ + e 0.46ζ c
D + CR→ H+ + e 0.46ζ c
H2 + CR→ H + H 1.5ζ c
H2 + CR→ H2+ + e 0.96ζ c
HD + CR→ H + D 1.5ζ c
HD + CR→ HD+ + e 0.96ζ c
D2 + CR→ D + D 1.5ζ c
Reaction rate in cm3 s−1 ref
H2 + D→ H + HD dex(−56.4737 + 5.88886 × log(Tg) + 7.196292 × log(Tg)2 + 2.25069 × log(Tg)3 − 2.16903 × log(Tg)4 a
+0.317887 × log(Tg)5
HD + H→ H2 + D 5.25 × 10−11 × exp(−4430/Tg) if Tg < 200K
5.25 × 10−11 × exp((−4430/Tg) + (173900/Tg2)) if Tg > 200K a
D+ + H2→ H+ + HD 10−9 × (0.417 + 0.846 × log(Tg) − 0.137 × log(Tg)2 a
H+ + HD→ D+ + H2 1.1×10−9 × exp−488/Tg a
H+ + D→ D+ + H 2×10−10 × Tg0.402 × exp−37.1/Tg − 3.31 × 10−17 × Tg1.48 a
H + D+→ H+ + D 2.06×10−10 × Tg0.396 × exp−33/Tg + 2.03 × 10−9 × Tg−0.332 a
HD + D+→ D2 + H+ 1×10−9 a
H+ + D2→ D+ + HD 2.1×10−9 × exp−491/Tg a
H2 + H+→ H2+ + H exp(−21237.15/Tg) × (3.3232183 × 10−7 + 3.3735382 × 10−7 × ln(Tg) − 1.4491368 × 10−7 × ln(Tg)2
+3.4172805 × 10−8 × ln(Tg)3 − 4.7813720 × 10−9 × ln(Tg)4 + 3.9731542 × 10−10 × ln(Tg)5
−1.8171411 × 10−11 × ln(Tg)6 + 3.5311932 × 10−13 × ln(Tg)7 b
H + H+→ H2+ + phot dex(−19.38 − 1.523 × log(Tg) + 1.118 × (log(Tg))2 − 0.1269 × (log(Tg)3)) a
H + H2+→ H2 + H+ 6.4×10−10 a
H + HD+→ H2 + D+ 1×10−9 a
H+ + e→ H + phot 2.753×10−14 × (315614/Tg)1.5 × (1 + (115188/Tg)0.407)−2.242 b, caseB
D+ + e→ D+ phot 2.753×10−14 × (315614/Tg)1.5 × (1 + (115188/Tg)0.407)−2.242 b, case B
H2+ + e→ H + H 10−8 if Tg < 617K
1.32−6 × Tg−0.76 if Tg > 617K a
HD+ + e→H + D 7.2×10−8 × Tg−0.5 a
H + e→ H- + phot dex(−17.845 + 0.762 × log(Tg + 0.1523 × (log(Tg))2 − 0.03274 × log(Tg)3) a
D + e→ D- + phot dex(−17.845 + 0.762 × log(Tg) + 0.1523 × (log(Tg))2 − 0.03274 × log(Tg)3) a
H + e→ H+ + e + e exp(−3.271396 × 10 + 1.3536 × 10 × ln(Te) − 5.7393 × ln(Te)2 + 1.5631 × ln(Te)3) a
D + e→ D+ + e + e exp(−3.271396 × 10 + 1.3536 × 10 × ln(Te) − 5.7393 × ln(Te)2 + 1.5631 × ln(Te)3) a
H- + H→ H2 + e (higher value) 5 × 10−9 b
H- + H→ H2 + e (lower value) 0.65 × 10−9 b
D- + H→ HD + e(higher value) 0.5 × 5 × 10−9 b
D- + H→ HD + e(lower value) 0.5 × 0.65 × 10−9 b
H- + D→ HD + e(higher value) 0.5 × 5 × 10−9 b
H- + D→ HD + e(lower value) 0.5 × 0.65 × 10−9 b
D- + D→ D2 + e (higher value) 5 × 10−9 b
D- + D→ D2 + e (lower value) 0.65 × 10−9 b
H+ + D-→ HD+ + e 1.1×109 × (Tg/300)−0.4 a
D+ + H-→ HD+ + e 1.1×109 × (Tg/300)−0.4 a
a Glover & Savin (2008), b Abel & Glover (2008),cWalmsley et al. 2004
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Fig. 4. Probability for an atom in the gas phase with a temperature Tg to enter directly into a chemisorbed site
on amorphous carbon (AC), silicates (Si) and PAHs (Graphite: Gr).
Fig. 5. Typical temperature profiles of collapsing gas clouds with different metallicities.
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Fig. 6. Left panels: formation rates of H2 (dotted and dashed lines) and HD (solid lines) via dust grain and
gas phase routes. Right panels: fractional abundances of the species present in the collapsing could. Different
metallicities are considered: Z = 10−5Z (top), Z = 10−4Z (middle) and Z = 10−3Z (bottom).
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Fig. 7. H2 and HD formation efficiencies on graphite (PAHs) surfaces in the high dust temperature limit. The
impact of the higher binding energy of D is clearly visible.
